Laboratory experiments using the radionuclide 22Na as a solute tracer were conducted in microcosms containing the freshwater chironomid larvae Coelotanypus sp. and Chironomus plumosus and the mayfly larvae Hexagenia limbata to determine the exchange of solutes between sediments and overlying water. Three different mathematical models of transient solute transport in bioturbated sediments were applied to the data to evaluate which best quantified solute exchange and to determine how that exchange varied with fauna1 type and density. Although all three species of larvae constructed burrows and irrigated them, the larger H. limbata frequently abandonded their burrows and vigorously burrowed the sediment. As a result, an enhanced diffusion model, in which the solute diffusion coefficient is higher in the bioturbated zone than in unmixed sediments, best described the data for the larger H. Zimbata. The enhanced diffusion model generally underestimated solute transport by smaller H. limbatu, C. plumosus and Coelotanypus sp. larvae because it did not account for the effects of burrow irrigation, Both the cylindrical burrow model and the nonlocal exchange model with a constant value of the exchange coefficient in the mixed layer described the transport processes well, presumably because the smaller H. limbata, C. plumosus, and Coelotanypus sp. maintained and actively irrigated their burrows. At natural bottom fauna1 densities, C. plumosus induced the greatest exchange of solutes between sediment and overlying water, followed by the small H. limbata, the large and medium H. limbatu, and Coelotanypus. However, H. limbata enhanced the flux by about an order of magnitude more than did C. plumosus and by about a facior of 20 times that of Coelotanypus on an individual basis.
Both marine and freshwater benthic environments are inhabited by abundant and diverse populations of bottomdwelling macroinvertebrates. Numerous studies have demonstrated that benthic macroinvertebrates can alter sediment properties and sediment-water chemical exchange by their burrowing, feeding, irrigating, respiring, and defecating activities (Dapples 1942; Rhoads 1974; Aller 1977; Schink and Guinasso 1977; McCall et al. 1986; Devol and Christensen 1993) . The irrigation of burrows constructed by some infauna can enhance chemical mass transport between sediment and overlying water. During irrigation, organisms pump water through their burrows and tubes by means of undulatory body movements to obtain nutrients or to flush the burrows of metabolites. Aller (1978) found that solutes in the irrigated zone diffuse laterally across burrow structures as well as vertically, resulting in an enhanced solute exchange with the overlying water.
Animals influence the transport of solutes in different ways and to a different extent, depending on their life histories. For example, some suspension feeders, such as chironomids, process a large volume of water, whereas deposit feeders, such as oligochaetes, do not. Consequently, chironomids induce a much higher solute flux across the sedimentwater interface. Weissenbach (1974) and Matisoff et al. (1985) found that chironomids increased the silica flux from sediments, and GranCli (1979) reported that chironomids I Present address: South Florida Water Management District, Department of Regulation, WRE, 3301 Gun Club Road, West Palm Beach, Florida 33406.
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Peter McCall assisted in the collection of sediment and test animals and in the operation of the gamma scanner. Comments by two anonymous reviewers greatly improved the paper. This work was supported by EPA contract R-817278-01-0. also increased the flux of total phosphorus, iron, and manganese when the overlying water was aerobic. However, Grankli (I 979) also found that chironomids had virtually no effect on fluxes under anoxic conditions, indicating that it is not just the existence of the burrows that affects chemical exchange but the irrigation of the burrows by the chironomids. In contrast to chironomids, Fisher (1982) found that deposit-feeding tubificid oligochaetes did not enhance the fluxes of bicarbonate, silica, phosphorus, or iron.
The dominant macrobenthic species, in numbers or biomass, in the Great Lakes are deposit-feeding tubificid oligochaetes such as Limnodrilus sp., Tubifex tubife,, and Brunchiuru sowerbyi, filter-feeding insect larvae such as Chironomus plumosus and Coelotanypus sp., filter-feeding unionid clams such as Lampsilis sp., and sphaerid bivalves (Soster 1984; Soster and McCall 1990) . Recently, pollution intolerant mayfly larvae, Hexagenia limbatu, have made a significant comeback in western Lake Erie (Krieger et al. 1996) . Of these, the chironomid midges Chironomus plumosus and Coelotanypus and the mayfly nymph H. limbata are burrow irrigators and are likely to significantly enhance solute transport across the sediment-water interface. C. plumosus is widely distributed and in Lake Erie had an average density of -3,000 individuals m-* in 1982 (Soster and McCall 1990) . Fourth-instar chironomids are likely to be lo-20 mm in length and weigh l-2 mg dry (Hilsenhoff 1966; Jonasson 1972; Mackey 1977) . Most chironomid larvae live in the upper 8-10 cm of the sediment, where they construct fragile U-and J-shaped tubes -4 mm in diameter composed of algae, fine silt, or sand grains cemented together with a transparent, fibrous salivary secretion (Johnson and Munger 1930; Hilsenhoff 1966; Pennak 1978; McCall and Tevesz 1982; Soster 1984) . Coelotanypus densities average about 850 individuals mm2 in western Lake Erie (Soster 1984) . This smaller chironomid usually builds dense, small horizontal and vertical tubes -1 mm in diameter in the upper 1-2 cm of sediment because of their smaller size (< 10 mm). Recent population densities of the mayfly H. Eimbata in western Lake Erie are as high as 700 individuals m -2 and average about 53 individuals m-2 (Krieger et al. 1996) . H. Zimbata nymphs typically range from 20 to 35 mm long and construct vertical, U-shaped, or cross-connected burrow systems in the sediment extending from below the sedimentwater interface to depths of 5-20 cm. In the burrows, they indiscriminately ingest sediments while feeding (Smock 1983) , although smaller nymphs may also suspension feed by pumping overlying water through their burrows.
Experimental results are presented here on solute exchange across the sediment-water interface as caused by these important freshwater burrow irrigators. Laboratory experiments using the radionuclide tracer 22Na were conducted to permit quantitative evaluation of the mechanisms and rates of biogenic solute transport. Three different mathematical models of solute transport in sediments were applied to the data to evaluate which processes best quantify solute exchange by each of the three different organisms and to determine how that exchange is affected by larval density.
Methods
Sediments and living macrofauna were collected from the profundal zone of the western basin of Lake Erie during June 1993 using a PONAR grab sampler. Bottom sediments at the sampling sites were mainly silts and clays. Water depths were about 10 m, and water temperatures were about 12°C. Details of the sediment processing and microcosm cell preparation methods were provided by Wang and Matisoff (1997) . The experimental design is summarized in Table 1 .
The experimental microcosms were rectangular plastic cells 5 cm wide X 1 cm thick X 30 cm high inside diameter (ID) (small microcosm) or 7 cm wide X 3 cm thick X 30 cm high ID (large microcosm) (Fig. 1) . Details of the microcosm preparation techniques, specifics about the 22Na tracer, a complete description of the experimental apparatus (gamma scanner, Fig. l) , and porosity measurement techniques were presented by Wang and Matisoff (1997) . Sieved, defaunated Lake Erie sediment was slowly injected into a microcosm until a 20-25cm sediment column was created. After the sediments were loaded into cells, overlying water was added to each cell. The cells were placed into an aquarium, and the sediments were allowed to compact. After the rate of sediment compaction slowed, larvae were measured and then transferred into the cells and allowed to acclimate for several hours; they were usually active and quickly burrowed into the sediment. Control cells were prepared in the same manner as experimental cells except that no larvae were added. Three densities of Coelotanypus larvae 1.0 cm in length were used in the small microcosms: two larvae (-4,000 individuals rn. *), three larvae (-6,000 indiv m m2), and four larvae (-8,000 individuals m '). Two densities of C. plumosus larvae were used in the smaller microcosms: one larva 2.5 cm in length (-2,000 individuals m-2) and two larvae 2.0 cm in length (-4,000 individuals m--*). One nymph of each of three different sizes (3.4 cm, 2.1 cm, and 1.4 cm) was used in large microcosms for the H. limbata studies. The density in each of these three cells was -476 individuals m-2. Although all of the test organisms appeared to behave normally, because these experiments utilized small numbers of organisms in the microcosms some of the observed differences in mixing modes and rates may be related to individual differences. Instead of experimental replication, organism size or density were varied because the experimental objective was to understand the processes of solute transport by the three organisms and not just to quantify the exchange coefficients. Because the fauna1 numbers were low in the microcosms and the individual burrows were large, this experimental design permits defining a burrow microenvironment in which there should be no overlap of adjacent burrows. Furthermore, because the detector samples across the entire width of the cell, it samples the average burrow microenvironment.
22Na was applied as a tracer for solute transport. The activity of 22Na in the overlying water of each cell was kept constant during the entire experiment by circulating the overlying water of each cell through a large reservoir of 2ZNa. Vertical profiles of the **Na activity were obtained with a gamma scanner system (Fig. 1) . The NaI detector is mounted on an aluminum plate, is connected to an X-Y slider, and is well shielded from all incident radiation except for a col- limated slit extending the full width of an experimental cell. Time series profiles of tracer activity were obtained by repetitive vertical scans along the outside wall of each cell. The background 22Na activity was subtracted from each scan profile. The sediment-water interface was gradually moving down during the experiment because of sediment compaction. The interface in the control cell moved downward 0.35-0.5 cm in the Coelotanypus experiment, 0.5 cm in the C. plumosus experiment, and 0.91 cm in the H. Eimbata experiment. This effect was corrected in the scan profiles by recording the actual interface position at the start of each scan. The cells were scanned after the organisms established their burrows and initiated irrigation (day 0) and then on a daily basis during the first week of the experiment and twice a week after that..
The experiments continued for 8-41 days. After the experiments were completed the porosity was measured using a ln9Cd gamma-ray adsorption technique calibrated against porosities measured from known sample volumes and weights of a microcosm subsection (Wang 1995) . Average porosities in each of the cells are given in Table 1 .
Best fits of model simulations were determined by min- Table 2 , where R2 = (SSY -SSE)/SSY.
Solute transport models
Mathematical models can be used to simulate the exchange of solutes between sediments and water and solute transport within sediments inhabited by benthic macroorganisms. Several types of models are widely used, and in this study we compared and contrasted the results from the enhanced diffusion model (Goldhaber et al. 1977; Schink and Guinasso 1977, 1.978; Aller 1978; Co&ran 1980; Matisoff 1982) , the cylindrical burrow irrigation model (Aller 1980a,b) , and the nonlocal exchange model (Boudreau, 1984; Christensen et al. 1984 Christensen et al. , 1987 Emerson et al., 1984; Vie1 et al. 1991; Archer and Devol 1992; Martin and Banta 1992; Devol and Christensen 1993; Marinelli 1994) . A time series of evolving 22Na activity profiles provides a better constraint on model parameters than does a single steady state profile. Consequently, the models are applied in their non-steady-state form and solved numerically. In addition, the models were used to calculate the cumulative flux of solutes across the sediment-water interface to compare the importance of the different infauna and fauna1 densities to solute exchange.
Enhanced diffusion model-The enhanced diffusion model is an extrapolation of the molecular diffusion model in which macrofaunal effects on solute exchange can be accounted for in a single increased effective or apparent diffusion coefficient, D,, in the surface mixed layer. This D, accounts for the combined effects of molecular diffusion and biodiffusion in sediment. Below the mixed layer, the molecular diffusion coefficient of species i in the bulk sediment, D,, is the same as in the absence of mixing. Such a model is appropriate to situations in which there is no strong advective flow of fluid and in which particle and solute mixing are random, small, and frequent events. Assuming a constant porosity and that 22Na is chemically conservative and does not adsorb onto sediment particles, transport of this solute in the mixed zone is mathematically described by the equation (1) where C, is the activity of 22Na in the mixed layer (decays s -I), A is the radioactive decay constant of 22Na (s-l), x is depth from the sediment-water interface (cm, positive down), and t is time (s). Boundary conditions are summarized as follows. The activity of **Na at the sediment-water interface, C,, was kept constant during the entire experiment, and the 22Na activity gradient at depth approaches zero. A mixed layer of thickness L and the underlying sediment are coupled by requiring that the concentrations at the boundary between layers 1 (mixed) and 2 (unmixed) (C, = C, at n = L, t 2 0) and the flux across the boundary (D, 6'C,ldx = D, ~C,/&X at x = L, t 2 0) be continuous. The mixed depth is determined from particle mixing experiments (Wang 1995) . Eq. 1 was solved by finite difference approximation using dx = 0.2 cm and dt = 0.05 day. Other parameter values used in the simulations are presented in Table 2 .
The only parameters that need to be determined to employ this model are the biodiffusion coefficient, D,(cm2 s-l), and the diffusion coefficient of 22Na in the sediment, D,T (cm2 s-l). Because the model treats bioturbation as a diffusive process, D, and D, can be calculated from a plot of the square of the standard deviation of the concentration front broadening from Gaussian fits versus time in the experiment cells containing organisms and the control cells, respectively (Matisoff 1995; Wang 1995 ).
Cylindrical diffusion model- Aller (1978, 198Oa,b) presented a model for solute transport in the presence of vertical irrigated burrows. In this model, the sediment can be represented as an irrigated vertical burrow cylinder and its surrounding sediment. The sediment can be divided into two distinct zones of transport: (1) an upper zone extending from the sediment-water interface to the bottom of average burrows in which solutes diffuse radially to/from the burrows and vertically to/from the sediment-water interface and (2) a lower zone below the bottom of the burrows in which vertical molecular diffusional transport dominates. This model works particularly well when the sediment is dominated by sedentary vertical bioirrigators. Mathematically, the change of solute activity with time in the sediments in the upper burrowed zone can be described as where Ci denotes the activity of species i in the sediment (decays s-l), D, is the molecular diffusion coefficient of solute i in the sediment (cm* s-l), n is depth from the sedimentwater interface (cm, positive down), r (r, 5 r I rJ is the radial distance from the axis of the hollow burrow cylinder (cm), r, and r, are the radii of the hollow burrow cylinder and the average microenvironment (cylinder plus surrounding sediment), respectively (cm), A is the radioactive decay rate (s-l), and t is time (s). The boundary conditions for the system are that the 22Na activity in the burrow is equal to the 22Na activity in the overlying water (C, = C,,, t > 0); a mixed layer of thickness L and the underlying sediment are coupled by requiring that the gradient at the boundary between layers 1 (mixed) and 2 (unmixed) is equal (X,/&X = X,/%X at x =L, t 2 0); the 22Na activity in the burrow is equal to the 22Na activity in the sediment adjacent to the burrow wall (C, = C,, t > 0); finally, the 22Na activity gradient is equal to 0 at the boundary between adjacent cylinders (?K,/& = 0, t > 0). Aller (1980b) solved this model for steady state conditions (Xi/& = 0). In this study, the transient case (Eq. 2) was solved in the upper mixed zone by finite difference approximation using dx = 0.2 cm in all simulations. The values for dr and dt varied with organism, i.e., dr = 0.05 cm for Coelotanypus, 0.1 cm for C. plumosus, and 0.1 cm for H. limbata; dt = 0.008 day for Coelotanypus, 0.04 day for C. plumosus, and 0.025 day for H. limbata. In the lower undisturbed zone, burrows are absent so that solute transport was modeled simply as vertical molecular diffusion plus radioactive decay.
The major parameters in the cylindrical biodiffusion model include D,r, L, r,, and r,. Parameters r,, r,, and L were measured directly from the burrows, and D,Y was determined from the control cell, as described for the enhanced diffusion model. Values of these parameters used in the model simulations are given in Table 1 .
Nonlocal solute exchange model- Emerson et al. (1984) presented a one-dimensional diffusion model with an additional empirical source or sink term, (Y, which accounts for any mode of transport between the overlying water and points in the sediment removed from the sediment-water interface. The model has been coined the nonlocal exchange model (Tmboden, 1981) and has been widely used (Martin and Sayles 1987; Vie1 et al. 1991; Archer and Devol 1992; Martin and Banta 1992; Devol and Christensen 1993; Marinelli 1994) . The nonlocal exchange model in the mixed zone has the mathematical form
here C, is the activity of solute i in bulk sediment (decays s-l), C,, is the activity of solute i at the sediment-water interface (decays s-l), D,v is the molecular diffusion coefficient of solute in bulk sediment (cm2 s-l), LY denotes the fraction of nonlocal exchange per unit time (s-l), x is depth from the sediment-water interface (cm, positive down), h is the radioactive decay constant (s-l), and t is time (s). The first term on the right side of the equation accounts for molecular diffusion of solutes in sediments, the second term accounts for nonlocal biogenic exchange of solute, and the third term accounts for the changes caused by radioactive decay of the tracer. Below the mixed layer, biological nonlocal exchange of solutes is absent; therefore, LY = 0. Boundary conditions are summarized as follows. The activity of 22Na at the sediment-water interface, C,, was kept constant during the entire experiment, while at depth the **Na activity gradient approaches zero. An irrigated layer of thickness L and the underlying sediment are coupled by requiring that the activity gradient at the boundary between layers 1 (mixed) and 2 (unmixed) (X,/&X = KY,/& at x =L, t 2 0) be continuous. Two transport parameters need to be evaluated in the model: D,, and a. D, was determined as for the other models, i.e., from the 22Na activity profiles in the control cells. However, the functional form and depth dependency of LY and the relations between cy and transport mechanisms are still unclear. In each of the laboratory experiments of this study, only a single species, size of animal, and nonchemically reactive tracer was used. It is reasonable to assume that LY does not vary dramatically within the bioturbated layer in these experiments so that a constant, best fit value of (Y was determined by modeling the measured tracer activity profile from each microcosm. Values of the parameters used in the model simulations are given in Table 2 . Model parameter values given in Table 2. ter interface. Ionic diffusion of **Na in the control cells was fairly rapid and well described by a Gaussian curve (R* of 0.416-0.981, Table 2 ). In the control cells, the 50% concentration front migrated down -2 cm within about 8 days. After that, diffusive transport was slower because of a smaller concentration gradient as the transport profile approached steady state. Figure 2 shows profiles of 22Na in the cells with Coelotanypus. The 50% concentration front in the control cell advanced to about 1 cm in 2 days and to about 2.5 cm in 8 days. In the cells with Coelotanypus, the concentration front advanced somewhat faster than in the control cell, moving down to about 2 cm in 2 days and to about 3 cm in 8 days. After 19 days, the top l-2 cm of the sediment column in all three cells with Coelotanypus exhibited a constant 22Na ac- 3). Model parameter values given in Table 2. the profiles below 2 cm in the cells of all three Coelotanypus densities and in the control cell were indistinguishable. Representative '"Na activity profiles in the cells with C. plumosus are shown in Fig. 3 . After 41 days, the 50% concentration front moved down to a depth of about 4 cm in the control cell. However, in the cells containing C. plumosus, the 50% concentration fronts were at depths of about 6 cm and 10 cm after 41 days. In the cell with 2,000 individuals m-2 C. plumosus larvae, the 22Na activity above 5 cm increased rapidly in the first 3 days and approached a constant background-corrected value approximately equal to that in the overlying water. At depths below 5 cm, the activity increased slowly with time by downward ionic diffusion. A peak in activity initially at a depth of about 2.5 cm, gradually moved down to a depth of 3.5-4 cm, increased to an activity greater than that of the overlying water, and broadened as the experiment continued. Observations indicated that the larva burrowed down to a depth equivalent to its body length (2.5 cm) after being placed in the microcosm and then started to burrow laterally and upward to construct a U-shaped burrow. Later, the larva deepened its burrow to a depth of -5 cm. 22Na transport in the cell with 4,000 individuals mm2 C. plumosus larvae is similar to that in the cell with 2,000 individuals m-* C. plumosus larvae: the activity in the upper -5 cm increased rapidly in the first 3 days of the experiment, and a high activity peak occurred at a depth of about 4 cm. However, unlike the cell with 2,000 individuals m-2 C. plumosus larvae, the **Na activity at depths between 5 and 10 cm also rapidly increased by day 3 and reached values similar to those in the upper 5 cm sediment within a few days. By 13 days, a high activity peak was observed at a .depth of 7-8 cm, but the original peak at 5 cm disappeared after day 6. The activity in the top 8 cm approached a uniform value, equivalent to the activity at the surface. Visual observations indicated that the two larvae initially burrowed to a depth of about 5 cm and then started to burrow laterally and upward to construct U-shaped burrows. On day 3, the larvae extended their burrows to a depth of 9.0 cm, causing the activity of 22Na between 5 cm and -10 cm to increase rapidly.
The measured 22Na activity profiles in the H. Zimbata cells are shown in Fig. 4 . In the control cell, the 50% concentration front migrated by ionic diffusion to a depth of -2 cm in 8 days. The 22Na profile in the cell with a large H. limbata appears similar to the control, but the 50% concentration front migrated downward more quickly, i.e., to 3 cm in 8 days. The larva constantly moved up and down in its burrows and ejected a large quantity of fine particles into the overlying water column while building U-shaped and crossconnected burrows in the substratum that were frequently abandoned and extended from older ones.
The 22Na activity profiles in the cell with a medium H. Zimbata larva were similar to those in the cell with a large larva. However, the 50% concentration front migrated to a depth of only 2 cm in 8 days, which means that ZZNa transport in this cell was nearly identical to that in the control cell. The 22Na profiles in the cell with a small H. Zimbata larva are very different from those observed in the cells with larger H. Zimbata larvae. Instead of the highest activity occurring at the sediment surface, an activity peak occurred at a depth of about 3.5 cm at the very beginning of the experiment. The activity peak reached a maximum on day 6 and then was rapidly homogenized into the surrounding sediment. Observations showed that the small larva constructed fewer and simpler burrows and the overlying water was much clearer than that in the cells with the larger larvae. However, because these results are based on individual or-ganisms, the possibility that the different mixing modes and rates may be related to individual differences cannot be discounted.
Discussion
The transient enhanced diffusion model (Eq. 1) was fit to the 22Na activity profiles from the three cells containing CoaZotanypus larvae to obtain values for the biodiffusivities, D,.
Best fit values of D, in the cells with 4,000, 6,000, and 8,000 individuals mm-* Coelotanypus larvae are 86.1 2 5.4 cm2 yr-' (R2= 0.583-0.725), 87.1 + 5.0 cm2 yr-' (R2= 0.571-0.770), and 79.5 2 5.8 cm2 yr-L (R2= 0.674-0.780), respectively (Table 2; Fig. 2 ). These effective diffusion coefficients are significantly higher than the values obtained from the control cell (D, = 49.2 _t 4.1 cm2 yr'; R2= 0.655-0.953). For all three cells with Coelotanypus larvae, the modeled activities match the measured data within the top 1 cm but consistently underestimate solute transport below. As time increases, the modeled profiles approach the measured data, which indicates that there are processes that rapidly transport 22Na from the overlying water into the sediment that are not accounted for by the enhanced diffusion mechanism. This enhanced transport was a consequence of the burrowing and irrigating activities of the larvae, which quickly transported 22Na through the burrows and downward below the bioturbated zone. Burrow irrigation is relatively fast, so the activity in the top 2 cm reached the surface activity value within a couple of days. However, after a short time the downward transport of tracer from the sediment-water interface into the 2-cm mixed sediment layer was balanced by the downward diffusion from the bottom of the mixed layer into the underlying unmixed sediment and the transport can then be described by a diffusion model. However, the measured sediment profiles showed a **Na activity in the top 2 cm higher than that in the overlying water. The cause for this is not clear. The organisms may have accumulated 22Na in their bodies or the mucus material lining the burrows walls may have adsorbed 22Na. Further study is needed to understand these accumulation effects.
tremely sensitive to burrow depth, burrow density, and the radial diffusion coefficient across the burrow walls. These parameters are closely related to the life style, population density, and size of the organism. As the population density increases, organisms may share their burrows or the microenvironments may overlap, resulting in actual burrow densities that are lower (larger rZ) than those used in the calculations. If this were true, then actual tracer activities would be lower than those calculated using the smaller value of r,. Interanimal interactions may also come into play. As animal numbers increase, so do the chances that one animal's burrow will be destroyed by another's, so that the burrow no longer has communication with the overlying water. This destruction of burrows would decrease irrigation and result in a lower transport rate than predicted. Another interanimal interaction might be density-dependent changes in irrigation behavior. As density increases and sediment aeration increases, individual irrigation rates may decrease, resulting in less solute exchange. It also is possible that the burrow wall lining acts as a diffusion barrier, resulting is less exchange across the burrow wall than modeled. However, unlike the burrow linings studied by Aller (1983) , these freshwater burrow linings were virtually indistinguishable from the sediment and could not be physically separated.
The nonlocal exchange model with a constant value of CY within the mixed layer predicts the transport of 22Na by CoeZotarzypus larvae very well (R2 = 0.810-0.958) for times longer than 2 days (Fig. 2) . For the three cells with 4,000, 6,000, and 8,000 individuals m-2 Coelotanypus larvae, (Y ranges from 6.3 to 9.5 X 10 -' so' (20-30 yr-I ) (Table 2) , which is in good agreement with the 1 X 10M7 to 2 X lo+ range reported in previous studies (Emerson et al. 1984; Aller and Yingst 1985; Hammond et al. 1975; Martin and Sayles 1987; Martin and Banta 1992) . Because the nonlocal exchange model does not require evaluation of burrow dimensions, use of the model is simply a matter of finding a best fit to the measured data by varying the value of (Y. However, unlike the other models, this model does not describe mechanisms of solute transport but rather the net rate of exchange, so it is hard to predict how this exchange rate will vary with animal density or among different types of benthos. The three cells containing Coelotanypus larvae were also simulated with the cylindrical burrow model (Eq. 2). All
The 22Na activity profiles for C. plumosus (Fig. 3) are poorly described by a Gaussian distribution curve, which parameters used in the simulation were determined indepenindicates that solute transport in the presence of C. plumosus dently from the model, and no parameter values were deterlarvae is not primarily diffusive and cannot be described by mined by a curve fit to the data (Table 2) . In most cases, the enhanced diffusion model. The molecular diffusion cothe cylindrical burrow model predicted the general shape of efficient in sediment, D,, was determined from the 22Na acthe tracer profiles very well (R2 as high as 0.961), which tivity profiles in the control cell, as described for the Coeindicates that radial diffusion laterally from burrows is an Zotanypus experiment, and was 36.4 cm2 yr' (R* = O-416-appreciable component of solute transport by Coelotanypus 0.975), which was slightly lower than the value obtained in (Fig. 2) . However, in cells with increased Coelotanypus popthe experiments with Coelotanypus and H. Zimbata (Table  ulation densities, the simulations gave significantly higher 2). Differences in D, among the control cells occurred beactivities than the data (i.e., R* decreases with increasing cause the microcosm preparation for each set of experiments population density). Several possible reasons exist for this. involved different compaction times, which produced differFirst, the burrow geometry coefficients of the average mient sediment porosities and tortuosities for each set of excroenvironment do not necessarily vary linearly with the periments. In the cell with 2,000 individuals m-* C. plunumber of animals in the sediment. The cylinder burrow mosus larvae, simulated activity profiles from the cylindrical model does not account for interactions between cylinders.
burrow model generally matched the measured profiles (R* The model results are strongly dependent upon the definition = 0.258-0.869) but underestimated the activities at a depth of an average microenvironment because the model is exof about 2-4 cm, especially in the earlier days of the ex- To compare the effect on solute flux of different organisms, the comparison must be made on an individual basis. This approach is possible by dividing the cumulative normalized fluxes at 1 yr by the fauna1 densities (Table 3) . For example, using the cylindrical burrow model, after 1 yr a density of 4,000 individuals m-2 C. plumnsus increases the mass exchange by a factor of 2.4, whereas the small H. limbata (476 individuals m-*) increases the mass exchange by only a factor of 1.7 (Fig. 5) . However, when fauna1 density is considered, the small H. limbata is seen to exhibit the greater effect (Table 3 ). This situation results because the fauna1 density in the H. Zimbuta cell is almost an order of magnitude less than the faunal density in the C. plumosus cells. Accounting for Fauna1 density clearly identifies H. Zimbatu as the most important burrow irrigator, resulting in fluxes per individual that are a factor of 5-10 times greater than those of C. plumosus and about 20 times greater than those of Coelotunypus nymphs. Although increasing fauna1 density increases the mass exchange across the sediment-water interface, the increase is not proportional to the density. In every case in Table 3 , an increase in fauna1 density results in a decease in the individual flux because an increase in the flux decreases the concentration gradient across the sediment-water interface and/or causes more overlap in burrow microenvironments. Thus, if more organisms exchange proportionately more fluid, they do not exchange proportionately more solute. The results in Table 3 indicate that on a per individual basis, the small H. limbata is the most important burrow irrigator, followed by the large and medium mayfly nymphs. C. plumosus is the next important burrow irrigator, while Coelotunypus is the least important species.
Deep burrowing conveyor-belt deposit feeding worms such as T. tubifex, Limnodrilus hofieisteri, and B. sowerbyi influence solute transport by depositing fecal pellets at the sediment-water interface. This process buries sediment, transporting it from the surface to the deeper feeding zone (Krezoski et al. 1984; Wang and Matisoff 1997) . Thus, high 22Na activity in upper zones is transported downward, resulting in enhanced vertical diffusion of solutes into deeper sediment. Wang and Matisoff (1997) determined enhanced diffusion coefficients (D, ) for B. sowerbyi at densities of 4,000 and 8,000 individuals m-2 of 91.7 and 234.9 cm yr-I, respectively. These exchange rates are comparable to those of the burrow irrigating species examined in this study, C. plumosus, Coelotanypus sp., and H. limbatu. However, at natural lake populations as high as 50,000 individuals m-* for chironomids (Pennak 1978) and 2,000 individuals mm2 for mayflies (Schloesser 1988) , these larvae can be much more important than deposit feeding oligochaete worms in the transport of solutes in sediments.
As Lake Erie becomes cleaner (i.e., less productive) because of phosphorus loading controls and changes in the carbon cycle induced by the nonindigenous zebra mussel, a shift in the benthic community from a pollution-tolerant one dominated by oligochaete worms and chironomids to a pollution-intolerant one in which mayflies will become much more abundant might be expected. From the results of this study, an increase in the abundance of mayfly nymphs in the sediment will significantly increase the exchange of solutes across the sediment water interface, thus providing more nutrients for primary production but also recycling more dissolved pollutants.
Conclusions
The three transient solute transport models predicted very well the solute transport by the major freshwater benthic organisms. The enhanced diffusion model works well with organisms that diffusely mix sediments, such as B. sowerbyi (Wang and Matisoff, 1997 ) and H. limbuta, when the animal sizes are small relative to the spatial scale of observation or when biological activities in the sediment are rapid relative to the time frame of observation. This model is simple to use and all biological effects on solute transport are accounted for in a single effective or apparent coefficient, D,. When ' the organisms construct vertical or U-shaped burrows and irrigate them with the overlying water, the cylindrical model is a better choice. The model simulations for the freshwater invertebrates used in this study showed that burrow depth and density are the most important factors affecting solute distributions in the sediment. The current cylinder model does not account for the effects caused by the direct exchange and diffusion across the bottom wall of a U-shaped burrow, which are very important when the dimension of this portion of the burrow is significant. Still, this model simulates the pore-water data reasonably well without fitting any model parameters to the data. The nonlocal exchange model describes most of the solute transport processes very well as long as the nonlocal exchange term, cy, is adequately specified. The advantage of the model is that it does not require the evaluation of the dimensions of the average transport microenvironment. The disadvantage is that it does not provide any details of transport processes for understanding the mechanisms of solute transport by benthic organisms, which limits our ability to predict values for (Y. Hence, obtaining a good value for LY is currently a curve fitting exercise. Another important result is that the nonlocal exchange model behaves very similar to the cylindrical diffusion model as proved theoretically by Boudreau (1984) .
All three organisms studied enhanced the exchange of solutes between water and sediments, and the exchange increased with population density. C. plumosus had the largest effect on the exchange of solutes across the sediment-water interface at natural bottom densities, but H. Zimbata enhanced the flux by about an order of magnitude more than did C. plumosus on an individual basis. At natural bottom densities, the medium and large Hexagenia and Coelotanypus larvae enhanced the flux by similar amounts but by less than did C. plumosus. However, on an individual basis the H. limbata nymphs enhance solute exchange by about a factor of 20 times that for Coelotanypus.
